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A short review of the pulsed electrically detected magnetic resonance (pEDMR) experiment is 
presented. PEDMR allows the highly sensitive observation of coherent electron spin motion of charge 
carriers and defects in semiconductors by means of transient current measurements. The theoretical 
foundations, the experimental implementation, its sensitivity and its potential with regard to the 
investigation of electronic transitions in semiconductors are discussed. For the example of the Pb 
center at the crystalline silicon (111) to silicon dioxide interface it is shown experimentally how one 
can detect spin Rabi-oscillation, its dephasing, coherence decays and spin-coupling effects . 
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INTRODUCTION 

Electron spin resonance (ESR) has proven in the past 
to be a useful characterization method for the micro- 
scopic investigation of paramagnetic semiconductor de- 
fects. The limitations of ESR spectroscopy on semi- 
conductors is set by its sensitivity. Wavelengths in the 
microwave range are too long to be detected as single 
photons. Thus, as low dimensional semiconductors and 
mesoscopic structures such as quantum- wells, -dots or 
-wires or semiconductor thin films have increasingly be- 
come subjects of research, ESR spectroscopy that typi- 
cally reaches sensitivity limits of the order of 10 11 spins 
for semiconductor samples at the widely used X-Band 
(w 10GHz), is hardly applicable anymore. 

In order to achieve higher sensitivities, magnetic 
resonance methods have been combined in the past 
with other measurement techniques such as force mi- 
croscopy 0], photoluminescence @i Q or conductivity 
measurements 4, 5] which have all reached single spin de- 
tection sensitivity in recent years. Among these methods, 
the electrically detected magnetic resonance (EDMR) 
technique may be most beneficial for the spin spec- 
troscopy of semiconductors since naturally, it is very sen- 
sitive to centers which influence conductivity while it is 
blind to all other spins. For most of the EDMR studies 
found in literature, including those reporting on a single 
spin detection, the experiments were conducted as pure 
continuous wave (cw) measurements; Pulsed (p) EDMR 
experiments have only been demonstrated recently 0,0- 
Since pEDMR combines the advantages of pulsed ESR 
with those of cw EDMR, these first results suggest that 
new insights can potentially be found for the many ma- 
terials on which cw EDMR has been performed in the 
past. Beyond material spectroscopy, pEDMR is also ex- 
pected to play a role for semiconductor based quantum 
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information concepts: So far, only electrical single spin 
detection but not electrical single spin readout experi- 
ments have been demonstrated 0, . A readout of a sin- 
gle spin requires a coherent spin measurement that allows 
to distinguish between different eigenstates. A require- 
ment which can only be met by coherent spin-detection 
schemes as used for pEDMR experiments. 

In the following, a brief review of the theoretical 
and experimental foundations of pEDMR experiments is 
given. It is shown how one can access coherent spin- 
Rabi oscillation by means of electric currents and how 
this observation can reveal insights into the nature of the 
observed defect centers. The sensitivity limitations of 
pEDMR are addressed, too. As model system, Pb cen- 
ters located at the crystalline silicon (c-Si) (lll)/silicon 
dioxide (SiC^) interface are used. 



THEORETICAL BACKGROUND 

PEDMR takes advantage of the spin dependency of 
charge carrier transitions in semiconductors which occurs 
when spin conservation is imposed on electronic transi- 
tions. Spin-dependent transition rates between param- 
agnetic centers can be described in terms of a spin pair 
ensemble p consisting of pairs of two spins with s = 1/2 
corresponding to the two states between which transi- 
tions occur H 0, • The transition rates will be pro- 
portional to the singlet content Tr [|S')(S'| / 5] and thus, by 
measuring currents as a function of time, the evolution 
of p can be accessed. The challenge for pEDMR mea- 
surements is to detect very small current changes with 
high time resolution on top of comparatively large con- 
stant current offsets. It is usually impossible to attain 
a time resolution with electrical measurements that is 
within the coherence time of the spin systems and that 
is at the same time sensitive enough to detect the subtle 
signal currents. This contradiction between sensitivity 
and time resolution is solved for pEDMR with an indi- 
rect detection scheme [a, tD, [lfj, [llj, |l2j where the change 
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FIG. 1: The measurement principle of pEDMR on a logarith- 
mic time scale. The integration of the transition rate Q after 
a coherent spin excitation is proportional to the singlet con- 
tent of the ensemble state p(r) at the end of the pulse. For 
details see text. 



of the photocurrent after a coherent pESR excitation is 
measured as a function of the length r of the resonant 
pulse. A sketch of this measurement principle is illus- 
trated in fig. ^ The experiment begins when the steady 
state ensemble p s that, due to the short singlet lifetimes, 
consists mainly of pure triplet eigenstates, is coherently 
manipulated and brought into a non-steady state, non- 
eigenstate p(t,Bi,u>) which is determined by r, the mi- 
crowave field strength B\ and the microwave frequency u>. 
After the excitation, the non-eigenstates will carry out a 
Larmor precession whose influence on the net transition 
rate will fade quickly due to the ensemble dephasing 
Thus, a short time after the end of the microwave pulse, 
a non-steady state transition rate is present that relaxes 
slowly (on a fia to ms time scale) back to the steady 
state. It is known 01 that the integral of this relaxation 
current, Q, is proportional to the the density change 
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wherein pn and p^ are the density matrix and the steady 
state density matrix elements, respectively and J, D d 
and uja correspond to the exchange coupling, the dipolar 
coupling and the Larmor separation within the pairs, re- 
spectively H E3- Because of this, A = A (p(r) , p s ) is a 
function of the ensemble state p(r) right at the end of the 
pulse and thus, it is possible to determine the evolution 
of p(r) during the excitation by measuring Q as function 
of t. The time resolution of this measurement scheme is 
obviously not determined by the current amplifier but by 
the pulse length generator and thus, a low ns-range time 
resolution is technically easy to achieve. 

For the detection of spin-Rabi oscillation during the 
coherent excitation, Q(t) can be recorded when B\ is 
strong enough so that Rabi frequencies are larger than 



the coherence time of the spin pairs and u> is in ESR 
with a selected defect or impurity. A q uantum mechan- 
ical description of this experiment [lfj] has revealed an 
expression 
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under the assumption of homogeneous B\ fields and a 
sufficiently smooth line shape $ (u) of the spins in res- 
onance which means du${<-Oi)giHBBi <C $(w). In eq. |2 
pair partner i has a Lande factor, <?i, and is exposed to 
an external magnetic field Bq whereas n denotes a factor 
whose value depends on the spin-spin coupling within a 
pair. An illustration of two of these coupling cases based 
on a theoretical calculation [lCj is given in fig. Weak 
coupling (g a — gt, ^> D d , J) implies that an ESR exci- 
tation can always manipulate either spin a or spin b, 
depending on the chosen excitation frequency to. Hence, 
the Rabi oscillation reflects the transient nutation of a 
simple s = 1/2 electron spin and therefore, k = 1/2. 
When the coupling is strong (g a — g^ <C D d , J), the exci- 
tation is not selective for any pair partner anymore and 
hence, two s = 1/2 electron spins are turned and n = 1. 
The transients plotted in fig. [2] where calculated under 
negligence of incoherence. The decay of the oscillation is 
due to the gradual spectral narrowing of the excitation 
width with increasing r. 

In addition to the two coupling cases illustrated in 
fig. [21 another case shall be mentioned here: When 
g a — gb <C D d , J (strong coupling) but B\ <C J, D d , then 
k = 1/ While this case has so far not been described 
theoretically for pulsed EDMR experiments, one can de- 
duce it from the description of transient nutation exper- 
iments of s > 1/2 systems without hyperfinc influences 
as given by Astashkin and Schweiger |14j . 
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FIG. 2: Simulation of Q as a function of r for weak and strong 
spin-spin couplings. For details see text. 
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FIG. 3: (a) Sketch of a microwave mode compatible sample inserted in a dielectric microwave resonator, (b) Photo of a match 
like microwave mode compatible contact structure, (c) Sketch of the sample cross section with the c-Si/Si02 interface. 



A PEDMR EXPERIMENT WITH P b -CENTERS 

We have chosen recombination of photoexcited charge 
carriers at the well understood and well characterized 
Pb-center to serve as a model system for the demon- 
stration of pEDMR. Pb centers are trivalent Si atoms at 
the c-Si/Si02 interface. They dominate interface trap- 
ping and recombination, they are paramagnetic when 
uncharged [ijj [lj| and they are strongly localized, 
anisotropic electronic states 17]. For the c-Si (111) sur- 
face orientation, all Pb centers point into a direction 
perpendicular to the interface. Because of this, their 
microscopic anisotropy is reflected by the ESR as well 
as EDMR spectra as shown repeatedly in the litera- 
ture [H [3. First pEDMR studies at the P b -center 
have been carried out recently by Friedrich et al. 01 
which revealed that charge carrier trapping and recom- 
bination can take place without the presence of addi- 
tional shallow trapping centers through a two step trap- 
ping/readjustment direct capture process that had been 
described theoreticall y fi rst by Shockley and Read 
and later Rong et al. |2(J. 

In order to conduct pEDMR, a semiconductor sample 
must be placed inside a microwave resonator such that 
the Bi field about the centers that are to be excited can 
be generated. Since electrical contacts naturally consist 
of conducting material, they may alter the eigenmodes of 
a microwave cavity whose geometry was designed under 
the assumption that the fill-factor of conducting material 
therein is negligible. The uncontrolled change of eigen- 
modes leads to a strong inhomogeneity of B\ throughout 
the resonator, especially at the sample position. This 
causes a rapid, artificially induced dephasing of the spins 
in resonance and thus, the observation of Rabi oscillation 
becomes impossible. Thus, the sample and especially the 
contacts must be designed such that a B\ distortion is 
as small as possible. One can achieve this with sample 
substrates whose conductivity is as low as possible and 



sample contacts with thicknesses below the microwave 
penetration depth. An example for such a complete thin 
film contact wiring of the sample within the microwave 
resonator is illustrated in fig. Eta) to (c). In (a), a sketch 
of a thin film wired sample within a cylindrical microwave 
resonator is shown. While the actual semiconductor sam- 
ple with its interdigited contact grid is located at the tip 
of the match-like substrate in the center of the cavity, 
it is connected to the contact pads on the outside by 
40 mm long and less than 200 nm thin Al stripes. Fig- 
ure|3fb) displays a photo of an acutal thin-film wire and 
contact structure. One can see the structure and its di- 
mensions with contact pads, wires and grids. The grid 
area consists of 75 grid pairs where each grid has 5 /im 
width and 15 /im distance to its respective neighbors as 
indicated in fig-EIc). With the sample and contact geom- 
etry given, one can (i) minimize sample resistances and 
therefore maximize sample currents, time resolution and 
sensitivity and (ii) the actual semiconductor sample will 
be at the center of the cavity where B\ has its maximum, 
while (iii) the eigenmodes of the cavity especially at its 
center remain undistorted. 

The sample used for the experiment was made from 
a 380 ^m thick (111) surface oriented, slightly phospho- 
rous doped (« 10 Slcm) Czochralski grown c-Si wafer 
whose surface was subjected to an RCA cleaning proce- 
dure followed by the formation of an about 200 nm thick 
thermal oxide layer. The oxide was formed at 1050 °C 
under exposure of the sample to O2 for 200 min. The 
thickness of the resulting oxide was confirmed by pro- 
filometer measurements. After the oxide formation, the 
contact and wire system was deposited by means of a 
photolithographic lift-off procedure before the wafer was 
cut into match-like stripes. The current detection and 
coherent microwave excitation as well as the extraction 
of spin-dependent currents from microwave induced cur- 
rents was executed with the same setup and the same 
procedure as described in Refs. and Q. 

All experiments presented in the following were per- 
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FIG. 4: (a) Measurement of Q(Bo) for a sample orientation 
of 90° and a fit with two Lorentzian lines (solid line), (b) The 
g factors of the two peaks observed in (a) as a function of the 
sample orientation with respect to Bq. 



formed at a sample temperature of T = 10 K and a 
sample irradiation of 0.2(1) W/cm 2 with Ar + laser light 
(A = 514 nm). For the coherent excitation, a Bruker 
E580 X-Band pulse ESR spectrometer was used. A pho- 
tocurrent of J = 5 /iA was established by a constant 
current source with long dwell time (1 s) to allow for a 
drift compensation. In order to measure the charge Q, 
the current was then subtracted by the constant offset 
before it was transformed by an impedance changer into 
a voltage signal which was then filtered by a high pass 
and subsequently digitized by an 8 bit transient recorder. 
The integration took place between 14 /zs and 30 /is after 
the pulse which is the part of the photocurrent relaxation 
transient where the current signal reached its maximum. 

The signal to noise ratios (SNR) per charge carrier 
pair, which poses an upper limit for the spin sensitiv- 
ity since several charge carrier pairs can undergo tran- 
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ssions at one defect, was c ^ N ^_ ir — jqf 
crowave power with n being the number of accumulated 
transients. Thus, within an 8 hour period and 300 fxs 
shot repetition time, one can attain a sensitivity of a 
few hundred charge carriers. This sensitivity is about 9 
orders of magnitude higher than conventional ESR mea- 
surements under comparable conditions, yet it is still not 
a single spin or even a single spin per single shot sensi- 
tivity. The reason for this limit is the presence of strong 
artifact currents within the sample due to the application 
of the strong microwave pulses. It is therefore not a prin- 
ciple limitation of the measurement method but due to 
the sample design. A further downscaling of the sample 
area and the prevention of shunt currents due to diffused 
excess charge carriers into the c-Si bulk could push the 
sensitivity even further. 



Bq and the c-Si (111) orientation of the sample in order 
to confirm that the measured signals are due to electronic 
transitions at Pb centers. Figure Ufa) displays this for a 
sample orientation of 90° which was recorded after an 
excitation with r = 400 ns and a microwave power of 
4 W. The data was fit with two Lorentzian line shapes. 
One can see that peak 1 has a much stronger intensity 
in comparison to peak 2. The measurement represented 
by fig- Ht a ) was repeated for sample orientations with 
angles of 60°, 30°, and 0°. In all cases, the data could be 
fit reasonably with two Lorentzians. The g factor of all 
fits are displayed in fig. 0Jb) and show that peak 1 has 
the anisotropy of the Pb centers as it can be found in the 
literature |l7j and as it is shown by the solid line. We 
therefore assign peak 1 to the Pb center. Peak 2 shows 
no identifyable anisotropy. 

For the electrically detected spin-Rabi oscillations, the 
sample orientation was turned back into the 90° position 
since then, the two peaks were well separated such that 
an excitation of peak 2 was minimized. The microwave 
frequency and the external field Bq where adjusted such 
that the peak maximum at g as 2.008 was on resonance. 
Then, r was changed between and 800 ns in 2 ns steps. 
The resulting transients are displayed in fig-EIa) and (c) 
for applied microwave powers of 250W and 62W, respec- 
tively. This corresponds to arbitrary microwave fields 
2B\ and B\, respectively. One can clearly see the oscil- 
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EXPERIMENTAL RESULTS 

We have recorded Q as a function of the strength of the 
external magnetic field Bq as well as the angle between 



FIG. 5: (a) and (c): Measurement of Q(t) for a sample orien- 
tation of 90° for two arbitrary microwave fields 2Bi and B\ , 
respectively, (b) and (d): The fast Fourier transform of the 
data in (a) and (c), respectively. The nomenclature of the fit 
results is defined in the figure and referred to in the text. 
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latory behavior of Q in both plots. 

The maxima in the plots (a) and (c) of fig. El were 
fit with simple exponential decay functions. The two 
fits agree within the margin of error and reveal a time 
constant of rs 500 ns. In order to determine the frequency 
components of the two data sets, they were subjected 
to fast Fourier transforms (FFT) whose absolute results 
are plotted in fig. Efb) and (d) for the microwave fields 
2Bi and B\ , respectively. The data of both plots was fit 
with two Lorentzians with the fit plotted in the graphs. 
Note that, within the margin of error, the exponential 
decay functions of fig. OJa) and (c) agree with the fit 
results for the width of the peaks with lower frequency 
and A|_ in the FFT plots (b) and (d) which shows 
that the lower frequency component belongs to the slowly 
decaying process. 



from two measurements 1 and 2 collected at two arbitrary 
but different B\ fields. Note that eq. 0]is independent of 
the Larmor-frequency difference which means it does not 
play a role whether the pair centers are on or off reso- 
nance. Thus, when the fit results of fig.EJb) and (d) are 
plugged into eq.Q]we obtain = 1.3(3). With the mar- 
gin of error for ^ given, one can not distinguish whether 
^ = 1 or ^ = However, since the Pb mechanism 
associated with peak 1 has been attributed to a direct 
capture process into strongly coupled P^ * pairs in the 
past 0| i ^ becomes clear that the process associated 
with peak 2 must involve strongly coupled pairs, too. 



SUMMARY 



DISCUSSION OF RESULTS 

We have shown that it is possible to observe coherent 
spin-Rabi oscillation by means of transient current mea- 
surements. This shows that distinct eigenstates of spins 
in semiconductors can be read electrically. One can in- 
terpret the data presented ins figs. 0] and by ta king 
advantage of Rabis formula Q = \J nBf + (uj — uji) 2 |lCj| , 
wherein B\ is expressed in gyromagnetic units. Note that 
fl cx B\ when we measure on resonance. Since this is ex- 
actly the case for the center frequencies and Sl| of 
peak 1 as shown in fig- EJb) and (d), one can conclude 
that the slowly decaying oscillation is solely due to spin- 
Rabi oscillation involving the Pb center. For the higher, 
broadly distributed frequencies centered around fl^ and 
this is different: From Rabis formula, we learn that 
when we measure off-resonant at arbitrary Rabi frequen- 
cies ft 1 and with two different B\ fields with ratio 
B\ = £,Bf, the Larmor-frequency difference can be cal- 
culated as 



(3) 



With regard to the data in fig.OOwhere £ = 2, this means 
that uj-LOi = 16(10)MHz ~ 0.6(4)mT for the broad peaks 
in fig. |5Jb) and (d) and thus, we can conclude, that the 
process responsible for these peaks can be associated with 
peak 2 of fig. EJa) whose Larmor-frequency LO2 was about 
0.9mT higher than the excitation frequency u. 

Another consequence of Rabis formula mentioned 
above is that when we have different frequency compo- 
nents fin and in one measurement, we can obtain the 
ratio of their coupling factors 
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The ultra-sensitive electrical detection of electron 
spin-Rabi oscillation at Pb centers has been demon- 
strated and it was shown how new insights into the na- 
ture of charge carrier recombination at Pb centers can 
be gained. In addition, PEDMR at the c-Si/Si02 inter- 
face showed that a second, from the Pb-direct capture 
process qualitatively different spin-dependent transition 
exits. With the used sample design, the electrical mea- 
surements of coherent spin motion reached a sensitivity 
below 1000 spins. Since this limitation is purely due to 
offset and microwave artifact currents, it is conceivable 
that further downscaling and a different sample design 
may be able to shift this limit towards a coherent single 
spin readout. 
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